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Abstract. For β-Ga2O3 only little information exist concerning the thermal
properties, especially the thermal conductivity λ. Here, the thermal conductivity
is measured by applying the electrical 3ω-method on Czochralski-grown β-Ga2O3
bulk crystals, which have a thickness of 200 µm and 800 µm. At room temperature
the thermal conductivity along the [100]-direction in Mg-doped electrical insulating
and undoped semiconducting β-Ga2O3 is confirmed as 13 ± 1 Wm−1K−1 for both
crystals. The thermal conductivity increases for decreasing temperature down to 25 K
to λ(25 K) = (5.3±0.6) ·102 Wm−1K−1. The phonon contribution of λ dominates over
the electron contribution below room temperature. The observed function λ(T ) is in
accord with phonon-phonon-Umklapp scattering and the Debye-model for the specific
heat at T & 90 K which is about 0.1 fold of the Debye-temperature θD. Here a detailed
discussion of the phonon-phonon-Umklapp scattering for T < θD is carried out. The
influence of point defect scattering is considered for T < 100 K.
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1. Introduction
β-Ga2O3 is an important material for high-power electronic applications [1] because of
the wide band gap of about 4.8 eV at room temperature [2]. Especially, the transparent
and semiconducting properties make it useful for applications in opto-electronics, like
thin-film electroluminescent displays [3] and transparent field effect transistors [4].
There exists five different modifications of Ga2O3 (α - ), but only the monoclinic β-
Ga2O3 is the most stable modification. While experimental data about optical and
electrical [5, 6] properties for bulk material and thin films have been investigated,
rare information exists concerning the thermal properties, especially their temperature
dependence. The low-temperature dependence of the thermal conductivity gives
information about the scattering mechanisms and the dominating heat transfer process.
In general, thermal properties are a prerequisite for application in high-power electronics,
because heat transfer processes play an important role. At room temperature,
measurements of the thermal conductivity were performed by the laser flash method and
revealed a value of λref = 13 Wm
−1K−1 in the [100]-direction [7] and λref = 21 Wm−1K−1
along the [010]-direction [8]. Below room temperature, the thermal conductivity has not
been reported to date.
Here, we investigated the thermal conductivity of undoped semiconducting n-type β-
Ga2O3 and Mg-doped insulating β-Ga2O3 for a wide temperature range from 25 K to
301 K. Low doping concentrations of Mg in β-Ga2O3 invoke complete electrical insulating
behavior, which is important to determine the phonon part of the thermal conductivity,
because free electrons can carry heat as well. The thermal conductivity was determined
by the so called 3ω-method [9].
2. Sample preparation
Figure 1. a) An arrangement of two line heater lines on top of the Mg-doped β-
Ga2O3-crystal. Every line heater can be used to determine the thermal conductivity
in the direction normal to the surface, here [100]. b) A schematic cross-section of
the crystal with a thickness d = 800 µm and a heater width w = 50 µm, which
is separated in 3 regions (planar, transition, linear). Only in the linear region the
heat flow is homogeneous which is a prerequisite for the determination of the thermal
conductivity from the measurement. The heater parameters are listed in table 1.
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Bulk β-Ga2O3 single crystals were obtained from the melt by the Czochralski method
with use of an iridium crucible and a dynamic, self-adjusting growth atmosphere to
minimize decomposition of Ga2O3 and oxidation of iridium crucible, as described in
detail in ref. [10, 8]. Semiconducting (undoped) and insulating (doped with Mg)
crystals of 22 mm diameter were grown along [010]-direction. From bulk single crystals
double side epi-polished wafers of 0.5x5x5 cm3 were prepared. Both semiconducting
and insulating wafers were [100]-oriented. Semiconducting wafers had a free electron
concentration of n = 7 · 1017 cm−3, with a resistivity of ρ = 0.1 Ωcm and an electron
mobility of µ = 100 cm2V−1s−1 as obtained from Hall effect measurements in the van-
der-Pauw configuration with use of In-Ga ohmic contacts. In order to invoke insulating
behavior the electron concentration was compensated by an acceptor concentration of
nMg = 11 wt.ppm.Mg. The mean impurity distance can be estimated to x = 16 nm.
The heater is patterned with laser lithography using the positive resist AZECI 3027.
A titanium layer of about 10 nm and a conducting gold layer of about 50 nm were
sputtered. Subsequently, a lift-off was performed with acetone in an ultrasonic bath.
Figure 1 shows two typical line heater structures. Finally, the sample is mounted in a
chip-carrier and bonded with Al wires.
3. Thermal Conductivity Measurement
The 3ω-method, first implemented by David Cahill [11] is based on the resistance
increase due to an alternating current I passing through an electrical heater line. A
conducting (Au) metal strip of the resistance R is placed on top of the investigated
sample and produces heat with the power of P = I2 · R. With increasing temperature
T = T0 + ∆T the resistance R increases as R(∆T ) = R0 · (1 + α0∆T ), where α0
denotes the temperature coefficient α0 = (1/R0) · dR/dT and R0 the resistance at bath
temperature T0.
Because the sample is heated with an alternating current I, the depending parameters
such as the power P , the temperature change ∆T and the resistance R alternate as
well but with the double angular frequency 2ω which is related to the frequency f by
ω = 2pif . Therefore the measured AC-voltage is U = I(ω) · R(2ω) = U1ω + U3ω, where
U1ω and U3ω are voltage contributions that oscillate with the frequencies 1ω and 3ω,
respectively. The contribution U3ω yields information about the temperature change of
the heater line [11]
∆T =
2
α0
· U3ω
U1ω
=
P
pilλ
(
1
2
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(
D
r2
)
+
1
2
ln(2ω)− ipi
4
− γ
)
(1)
depending on the thermal conductivity λ, the thermal diffusivity D, the distance r and
the Euler gamma constant γ. The thermal conductivity of the sample is given by
λ =
1
4pil
[
∆ ln(2ω)
∆U3ω
]
U31ω
R2
dR
dT
. (2)
Thermal conductivity β-Ga2O3 4
Here, the ratio ∆U3ω/∆ ln(2ω) represents the experimentally determined slope of the
plot U3ω(ln(f)) and l the distance between the inner voltage contacts. The heating
current is induced in the outer contacts of the measurement structure, whereas both
voltages U1ω and U3ω were measured at the inner contacts by a Lock-In amplifier SR830.
In order to be able to measure the voltage U3ω that is superimposed by a voltage of U1ω,
the voltage signal of U1ω is compensated using a differential amplifier and a variable
resistor R2. The measurement setup is depicted in figure 2. All measurements were
performed in high vacuum, so that thermal convection cannot influence the results.
Thermal radiation plays a minor role in the used temperature range [12].
In order to perform this measurement, a well defined heater line is required. Especially
Figure 2. Measurement setup with two Lock-In amplifiers SR830 and a differential
amplifier to measure the voltage signals U1ω and U3ω. As voltage source the internal
function generator is used.
the heater width has to compare with the thermal penetration depth q−1 =
√
D
2ω
with
the thermal diffusivity D = λ/(cpρm), the specific heat cp and the density ρm. To get a
homogeneous heat flow into the sample, the thermal penetration depth must be at least
the heater width. Furthermore, the maximal penetration depth q−1 should not exceed
the crystal thickness d to avoid the penetration of heat into the range outside of the
sample. Within these limits U3ω(ln f) is linear [13].
We estimated the valid frequency range by using the reference value λref = 13 Wm
−1K−1
[7]. With a crystal thickness d of 200 µm (semiconducting β-Ga2O3) and 800 µm
(insulating β-Ga2O3) and the heater parameters from table 1 the frequency range can
be estimated to f200 µm ≈ 50 Hz − 250 Hz and f800 µm ≈ 2 Hz − 150 Hz, respectively.
Because the thermal conductivity increases with decreasing T , the limits shift to higher
frequencies. The measurement setup has a low-pass character with a cutoff frequency
that influences U1ω and gives an upper frequency limit. Especially for thinner layers the
frequency range is reduced. Due to this fact, measurements of the 200 µm sample could
only be carried out for T > 170 K.
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4. Experimental Results
The measurements for the thermal conductivity were performed separately for two
heater lines on insulating Mg-doped β-Ga2O3 as seen in figure 1 and one heater line
on undoped semiconducting β-Ga2O3. For several temperatures the U3ω was measured
and is shown exemplary in figure 3. The voltage U1ω was measured and remained
frequency-independent as expected.
Figure 3. Frequency-dependent voltage U3ω with a linear approximation in a
semilogarithmic plot, measured with a heater line on top of the Mg-doped β-Ga2O3
crystal. This is an exemplary plot for several temperatures for one heater and one
crystal.
The U3ω-voltage is a linear function of ln f in the frequency ranges estimated for
our crystal thicknesses. Therefore, equation 2 can be used to determine the thermal
conductivity λ.
As seen in the equation 2 it is important to determine the heater characteristics including
the length l, the width w , the resistance R0, the temperature coefficient α0 and the
variation of the resistance with temperature dR/dT . These values are shown in table
1. The temperature-dependent resistance of the sputtered Au/Ti-heater line is plotted
in figure 4. The function R(T ) satisfies the Bloch- Gru¨neisen-Law [14]
R(T )−R(4.2 K) ∝
(
T
θD
)5 ∫ θD/T
0
x5
(ex − 1)(1− e−x)dx (3)
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Figure 4. Temperature-dependent resistance of the three heater lines on insulating (a)
and semiconducting (b) β-Ga2O3. The slope of the Bloch-Gru¨neisen-approximations
and the resistance values are used to determine the thermal conductivity with equation
2.
sample β-Ga2O3 Mg-doped β-Ga2O3 (heater 1) Mg-doped β-Ga2O3 (heater 2)
l 1.21(4) mm 1.00(5) mm 1.00(5) mm
w 40(1) µm 50(1) µm 50(1) µm
R0 16.4(1) Ω 9.3(1) Ω 9.7(1) Ω
α0 0.00185(4) K
−1 0.00206(4) K−1 0.00210(4) K−1
dR/dT 0.0303(6) ΩK−1 0.0191(4) ΩK−1 0.0204(4) ΩK−1
Table 1. Heater parameter for the 3 heater lines used in this paper. l is the distance
of the voltage contacts to measure U1ω and U3ω in 4-point geometry. R0 and α0 are
specified for RT. The values in the brackets denote the uncertainty in the last digit.
with an approximated Debye-temperature θD of 145(5) K. The Debye-temperature of
pure Gold is 165 K [15], but we expected a lower value for our sputtered material. The
slope dR/dT is given by the derivation.
In figure 5, the measured thermal conductivity values are shown as a function of the
inverse temperature in the interval from 60 K < T < 301 K for both, the insulating
and the semiconducting β-Ga2O3 crystal. An increase of the thermal conductivity with
decreasing temperature is observed. Both, the insulating Mg-doped and the undoped
semiconducting β-Ga2O3 crystals have the same thermal conductivity values within the
measurement uncertainty. The room temperature value of the thermal conductivity is
λ(301 K) = 13 ± 1 Wm−1K−1. The accuracy of the thermal conductivity according
to equation 2 is mainly determined by the measurement uncertainties of l (see fig.1),
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dR/dT (see fig.4) and the slope of the function U3ω(ln f) (see fig.3). The theoretically
expected temperature dependence seen in figure 5 is discussed below.
Figure 5. The temperature dependent thermal conductivity of Mg-doped β −Ga2O3
(black squares, red circles) and undoped β −Ga2O3 (blue triangles). Dashed
line: phonon-phonon scattering for T  θD. Solid line: phonon-phonon-Umklapp
scattering, calculated for T < θD. Dot-dashed line: additional scattering process using
Matthiessens rule for a temperature independent Λimp = 1.5 µm. The regions for high
(I), intermediate (II) and low temperature (III) are explained in the discussion.
5. Discussion and outlook
The thermal conductivity λ has an electron and a phonon contribution λ = λel + λph.
Within the experimental error, both semiconducting and insulating β −Ga2O3 crystals
show the same values and temperature dependence of the thermal conductivity λ(T ).
Therefore, we conclude that an electronic contribution to the thermal conductivity can
be considered minor and the phonon contribution dominates. To ensure, that only
the phonon contribution is relevant for our discussion, the free electron contribution
to the thermal conductivity can be estimated at T = 300 K using the Wiedemann-
Franz-law λel = L0σT with the Lorenznumber L0 = 2.44 · 10−8 WΩK−2. The
resistivity was determined as ρ = σ−1 = 0.1 Ωcm for the investigated semiconducting
β-Ga2O3-crystal. Hence, the free electron contribution for the thermal conductivity is
λel = 7·10−3 Wm−1K−1, which is 3 orders of magnitude lower than our measured values.
Therefore, we conclude, that below room temperature relevant heat is only carried by
phonons.
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Figure 6. The temperature dependent mean free path of phonons in the insulating
Mg-doped β −Ga2O3, calculated from the measured thermal conductivities. The solid
line is the theoretical contribution for phonon-phonon-Umklapp-scattering and the
dashed line shows additionally a contribution of a second scattering process with a
constant mean free path of 1.5 µm. The dotted line describes point-defect-scattering
within the scope of Rayleigh scattering.
In figure 5 the measured thermal conductivity λ is plotted as a function of the reciprocal
temperature between 60 K and room temperature (RT). We discuss three regions.
Region I corresponds to the high-temperature behavior. As a result, a relationship
λ = A/T was found for T > 200 K with a constant A which can be approximated
by A ≈ 4600 Wm−1. An inverse dependence of the thermal conductivity on the
temperature λ ∝ T−1 is expected in insulators in the case of Umklapp scattering if
the high temperature condition T >> θD (Debye temperature) is fulfilled. However, in
our measurement the bath temperature lies systematically below the Debye temperature
T < θD with θD = 870 K [16].
In region II, the measured values start to differ from the expected inverse behavior and a
more specific examination of the thermal conductivity should be carried out. Therefore,
we calculate the thermal conductivity as λ(T ) = (1/3)Λ(T ) · cV (T ) · vs with the mean
free path Λ, the specific heat cV and the velocity of sound vs, using the Debye model
for specific heat and phonon-phonon-scattering as the dominating scattering process.
The specific heat is given by [14]
cV ∝
(
T
θD
)3 ∫ θD/T
0
x4ex
(ex − 1)2dx (4)
and the mean free path is given by
Λph−ph ∝
(
eθD/2T − 1) . (5)
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As seen in figure 5, the calculated λ(T ) agrees well with our experimental values.
Therefrom we conclude, that in compensated insulating Mg-doped β-Ga2O3 for T &
100 K the phonon-phonon-Umklapp scattering determines the mean free path Λ. A
similar temperature dependence is also found for Si with θD ≈ 630 K. There, an
increase of λ with decreasing temperature is observed for T/θD > 0.1 [17].
In figure 6, the mean free path Λ is plotted as a function of T . The absolute value of Λ
was calculated by using the room temperature values of λ = 13 Wm−1K−1, the velocity
of sound vs = 6.2 · 103 ms−1 (estimated from Youngs modul) and the specific heat
cV = 2.9 · 106 JK−1m−3. The mean free path increases from Λ = 2.1 nm at T = 300 K
to Λ = 0.1 µm at 100 K.
Region III depicts the low temperature behavior of the thermal conductivity. For
T ≤ 100 K we found that λ(T ) deviates from the approximation for Umklapp-scattering.
Therefore, we discuss an additional influence of impurity scattering on the mean free
path. By applying the Matthiessens rule
1
Λ
=
1
Λph−ph
+
1
Λimp
(6)
we found the typical function λ(T ) for an insulator. The dashed curve in figure 6 was
plotted for a temperature independent Λimp = 1.5 µm, which agrees well with the data
down to T = 60 K.
If we assume a temperature dependent point defect scattering with
Λimp(T ) = Λimp(T0) ·
(
T0
T
)4
(7)
we can describe the function Λ(T ) for the whole temperature range as plotted in figure
6 (dotted line).
The influence of boundary scattering depends on the sample thickness d. Thin layers
with d < 100 nm at T . 100 K would almost achieve the Casimir limit. If d = Λ, from
figure 6 the threshold temperature of the boundary scattering can be determinated. The
influence of phonon-boundary scattering for d = 800 µm, is only expected for T ≤ 25 K.
With respect to future studies, the very low temperature range T < 25 K and
the temperature range higher than room temperature remain to be investigated.
Furthermore, an anisotropy in the thermal conductivity along the three crystallographic
orientations is predicted and needs experimental verification.
6. Summary
By using the 3ω-method, an increase of the thermal conductivity from λ(301 K) =
13± 1 Wm−1K−1 to λ(25 K) = (5.3± 0.6) · 102 Wm−1K−1 of Mg-doped insulating and
undoped semiconducting β-Ga2O3 was measured along the [100]-direction. The room
temperature values of the thermal conductivity was measured as λ = 13± 1 Wm−1K−1
and confirms the result obtained by laser flash spectroscopy for the same orientation[7].
The temperature dependence of the thermal conductivity was investigated for T & 25 K
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and can be explained by phonon-phonon-Umklapp scattering. For T < 100 K point
defect scattering must be considered.
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